We report photoassociation spectroscopy of ultracold 86 Sr atoms near the intercombination line and provide theoretical models to describe the obtained bound state energies. We show that using only the molecular states correlating with the 1 S 0 + 3 P 1 asymptote is insufficient to provide a mass scaled theoretical model that would reproduce the bound state energies for all isotopes investigated to date:
We report photoassociation spectroscopy of ultracold 86 Sr atoms near the intercombination line and provide theoretical models to describe the obtained bound state energies. We show that using only the molecular states correlating with the 1 S 0 + 3 P 1 asymptote is insufficient to provide a mass scaled theoretical model that would reproduce the bound state energies for all isotopes investigated to date: 84 Sr, 86 Sr and 88 Sr. We attribute that to the recently discovered avoided crossing between the 1 S 0 + 3 P 1 0 + u ( 3 Π u ) and
potential curves at short range and we build a mass scaled interaction model that quantitatively reproduces the available 0 + u and 1 u bound state energies for the three stable bosonic isotopes. We also provide isotope-specific two-channel models that incorporate the rotational (Coriolis) mixing between the 0 + u and 1 u curves which, while not mass scaled, are capable of quantitatively describing the vibrational splittings observed in experiment. We find that the use of state-of-the-art ab initio potential curves significantly improves the quantitative description of the Coriolis mixing between the two −8 GHz bound states in 88 Sr over the previously used model potentials. We show that one of the recently reported energy levels in 84 Sr does not follow the long range bound state series and theorize on the possible causes. Finally, we give the Coriolis mixing angles and linear Zeeman coefficients for all of the photoassociation lines. The long range van der Waals coefficients C 6 (0 + u ) = 3868(50) a.u. and C 6 (1 u ) = 4085(50) a.u. are reported.
I. INTRODUCTION
Photoassociation (PA) spectroscopy is a widely used tool for the study of atomic collisions and determination of bound state energies of diatomic molecules [1] . In this process two colliding cold atoms are bound together into an excited molecule by optical excitation. A recent focus for PA spectroscopy has been the study of molecules created by excitation to the red of an intercombination line ( 1 S 0 → 3 P 1 ) in divalent atoms such as alkaline-earth metal atoms calcium [2] and strontium [3] [4] [5] , and the rare-earth atom ytterbium [6] [7] [8] [9] . The interest in intercombination line PA spectroscopy [10] is driven by its potential applications in the production of ground state ultracold molecules [11] , the potential for control of scattering lengths in ultracold collisions via optical Feshbach resonances [12] , as well as coherent photoassociation [13, 14] and finally electron-proton mass ratio measurements [15] .
The interactions between strontium atoms, both in their ground and excited states, have been extensively studied by means of intercombination line PA spectroscopy. Zelevinsky et al. [3] made the first observations with 88 Sr atoms confined in an optical lattice and recently Stellmer et al. [5] have reported similar measurements with 84 Sr atoms. Twocolor photoassociation spectroscopy enabled Martinez de Escobar et al. [16] to accurately determine the scattering lengths of all Sr isotopes which helped to explain the low thermalization rate in 88 Sr. In addition to the PA spectroscopy studies, both the interactions in the ground [17, 18] and excited [19] states of the Sr 2 molecule have been studied by Fourier transform spectroscopy.
The research into intercombination line PA is fueled by the possible use of optical Feshbach resonances (OFRs) [20] [21] [22] to enable optical control of the scattering lengths. This is especially important for ground state strontium atoms, because its 1 S 0 ground state and a lack of hyperfine structure in its bosonic isotopes precludes the existence of magnetic Feshbach resonances in this system. Early experiments with Na [23, 24] and Rb [25, 26] have shown that the usefulness of OFRs in alkali-metals is greatly hindered by the large loss of atoms due to photoassociation. However, in the case of the narrow intercombination lines in divalent atoms like Ca, Sr, and Yb, these losses can be greatly reduced [10, 12] and useful changes in scattering lengths have been shown for both Yb [27] and recently Sr: a proof-of-concept investigation in a thermal gas [28] and an example of the use of OFRs as a means of controlling the collapse of an Sr Bose-Einstein condensate (BEC) [29] .
All isotopes of Sr have been brought to quantum degeneracy. The most abundant isotope 88 Sr is known for its small negative scattering length [16, 30] , which thwarted the early attempts [31, 32] at quantum degeneracy. The least abundant isotope, 84 Sr, has excellent collision properties for evaporative cooling, so it was the first Bose-condensed isotope [33, 34] . Since then, the isotope 86 Sr has also been condensed [35] , while the thermalization problem in 88 Sr has been circumvented by sympathetic cooling with 87 Sr [36] . The narrow intercombination line enabled direct laser cooling of 84 Sr down to quantum degeneracy [37] . Degenerate Fermi [38] and Bose-Fermi gases [39] have also been reported. Strontium is being actively explored for its use in the making of ultracold molecules: ground state strontium dimers [11, 40] , and the heteronuclear RbSr molecules [42] . Rubidium-strontium mixtures have become especially promising after a degenerate quantum mixture of Rb and Sr atoms was obtained [43] .
We report energy levels of the 1 S 0 + 3 P 1 Sr 2 molecule obtained for the 86 Sr isotope, which complements the currently available data for 88 Sr [3] and 84 Sr [5] , and we provide theoretical models of the interactions in the Sr 2 molecule. A set of energy levels in the subradiant 1 g state of the strontium dimer has also become available [41] , but is outside the scope of this article. The paper is organized as follows. In Section II we briefly describe the experimental details and the PA data obtained for 86 Sr. In Section III we provide a theoretical model based on recent state-of-the-art ab initio potential curves [44] for the description of the long range interactions in this excited state of the strontium dimer. We will use this model in Section IV to provide a quantitative description of vibrational splittings, as well as the nonadiabatic Coriolis effects and linear Zeeman coefficients [4] for all photoassociation lines reported to date. In the case of one of the isotopes, 84 Sr, we will find a significant discrepancy between one of the experimental [5] and theoretical positions of one of the lines and theorize on its possible causes. In the case of 88 Sr we will show that the use of realistic potential curves significantly improves the quantitative description of the positions of strongly Coriolis-mixed energy levels over previous work [3] . We also show that the improvement of the description of Coriolis mixing is followed by better agreement of the respective Zeeman g-factors with the experimental data [4] . Finally, in Section VI we will investigate the mass scaling between strontium isotopes, that is, the possibility of using the same potential curves for the description of PA spectroscopy data for all isotopes. While mass scaling of only the long range potentials was sufficient in the description of the energy levels near the 1 S 0 + 3 P 1 asymptote in different isotopes of a similar species ytterbium [7] , it fails in the case of strontium. We will explain this effect for the 0 + u series quantitatively by augmenting our model with the recently discovered [19, 44] To perform photoassociation (PA), we prepare ultracold 86 Sr atoms in an optical dipole trap (ODT) via laser cooling and trapping techniques similar to those used for other Sr isotopes [45, 46] . The ODT is formed by the intersection of two mutually perpendicular beams focused to waists (e −2 intensity radii) of 100 µm. Both beams are generated from a 1064-nm, linearly-polarized, multilongitudinal-mode fiber laser. A period of forced evaporation to a trap depth of 3.6 µK yields 3×10 5 86 Sr atoms at a temperature of 400 nK and peak density of 10 13 cm −3 . The PA beam is derived from a 689 nm master-slave diode laser system that has a linewidth of approximately 10 kHz. Short term stability is provided by locking the laser frequency to a moderate finesse (F = 2000) optical cavity, and long term stability is assured through saturated absorption spectroscopy of the 1 S 0 -3 P 1 atomic transition in a vapor cell. The PA beam is red detuned with respect to the atomic transition using acousto-optic modulators (AOMs) and transported to the atoms through a single-mode optical fiber. In the interaction region, the beam is linearly polarized, with a waist of 700 µm and peak intensity up to 50 mW/cm 2 . During the application of the PA beam, to eliminate the ac-Stark shift due to ODT beams, the ODT is modulated with 50% duty cycle, a period of 462 µs, and a peak trap depth of 7.2 µK. The PA beam is applied when the ODT is off. Total PA time is varied from 16 to 830 ms, depending upon the transition, to obtain a peak atom loss due to PA of approximately 50% with minimal change in sample temperature. The number of atoms and sample temperature are determined with time-of-flight absorption imaging using the 1 S 0 -1 P 1 transition at 461 nm. New 86 Sr photoassociation lines found in our experiment are listed in Table I . The binding energies ν 0 were obtained by fitting the trap loss spectra with a realistic line shape function [10] . The details of this procedure, the error budget and the respective optical lengths are given in Appendix A.
III. LONG RANGE INTERACTIONS
In the original paper by Zelevinsky et al. [3] , the energy levels obtained for 88 Sr were modeled using a five channel model [10] which included both the relevant molecular states 84 Sr we find it difficult to fit all of the energy levels together, therefore the results shown are based on a fit that omits the −1288 MHz state. The observed drastic discrepancy between this state and the theoretical energy suggests that the −1288 MHz may not be a member of the 0 + u J = 1 series. This is discussed in Section IV. We also give the Coriolis mixing angles and Zeeman g-factors as measured in Ref. [4] and their theoretical counterparts as described in Section V. 
Binding energy
Here, T is the kinetic energy of the colliding atoms, V int covers the interaction potentials, while V rot is the rotational energy of the molecule. The kinetic energy term is diagonal regardless of chosen basis, with the diagonal term −( 2 /2µ)(d 2 /dR 2 ). In our homonuclear case, the reduced mass µ is equal to half the atomic mass of the chosen strontium isotope.
In this paper we choose to work with potential curves based on state-of-the-art ab initio calculation of Skomorowski et al. [44] as opposed to using model potentials. Using the model in [47] we can write a two-channel Hund's case (c) atomic interaction hamiltonian in terms of Hund's case (a) potential curves: 
, where V(c 3 Π u ; R) and V(a 3 Σ + u ; R) are the respective potential curves. The original ab initio potential curves were given in the convenient form of a short range part combined with a Tang-Toennies damped [48] long range part and enabled direct fitting of the potential parameters:
where f n (R) is a Tang-Toennies damping function of the n-th order [48] . During the fitting it was necessary to change the long range C 6 and C 8 terms significantly. In order to retain the shape of the potential curves we have refitted the remaining potential parameters to match the shape of the original ab initio potentials, as shown in Figure 1 . The potential parameters used in our calculations are listed in Table II . Finally, we have included the resonant dipole interaction [49] into the model. In Skomorowski et al. this was achieved by spinorbit mixing between states correlating to the 1 S 0 + 1 P 1 and 1 S 0 + 3 P 1 asymptotes. Since, however, we do not expect any new physics emerging from the inclusion of the far 1 S 0 + 1 P 1 asymptote, we decide to model this mixing by simply adding the dipole terms artificially, following [47] . In this case these terms are inversely proportional to the lifetime of the 3 P 1 atomic state in strontium:
and
The resonant dipole interaction is thus attractive in the 0 + u curve while repulsive (and weaker) in the 1 u state. The remaining term in the molecular Hamiltonian is the rotational energy V rot , which is diagonal in the Hund's case (e), but not in the Hund's case (c) representation. This causes rotational (Coriolis) mixing between the two molecular states:
with B(R) = 2 /2µR 2 . In a similar study with ytterbium atoms [7] the large dispersion between the two potentials caused by the differences in the resonant dipole interaction (see eq. (5)) made it possible to forego Coriolis mixing and fit the available energy level data with a single channel potential. Here, however, the dipole interaction is much weaker, making it necessary to include this mixing in order to properly recreate bound state energies very close to the dissociation limit. Not including the Coriolis mixing limits the accuracy of the model to about 1 MHz for most energy levels. The exception to this rule is the case of strongly mixed states, like the −8200 MHz and −8430 MHz states in 88 Sr, where this inaccuracy is drastic, as shown in Section IV.
Theoretical bound state energies can be obtained by solving the coupled channel Schrödinger equation HΨ = EΨ, where
T is the two-channel wavefunction. We solve these equations numerically using the matrix DVR method [50] with nonlinear coordinate scaling.
The long range parameters of the Hund's case (a) potentials V(a 3 Σ + u ; R) and V(c 3 Π u ; R) were fitted to the experimental data using the nonlinear least-squares method. The long range resonant dipole C 3 , the two van der Waals terms C 6 (a 3 Σ + u ) and C 6 (c 3 Π u ) and the two respective C 8 terms were first used to match the vibrational energies only for the J = 1 88 Sr data. To a good approximation, the C 3 and C 6 (and to a lesser extent C 8 ) coefficients determine the vibrational splittings. Here, the short range α terms can be used to tune the phases (or 'quantum defects') of the short range parts of the radial wavefunctions and effectively shift the whole vibrational series in place. This parameter was chosen for phase adjustments in an attempt to preserve the shape of the short range potential as much as possible. The resulting bound state energies can be seen in Table I . The energy levels for J = 3 were computed using the same set of parameters.
The vibrational level data for the remaining two isotopes, 86 Sr and 84 Sr was modeled by adjusting only the two α coefficients on a per isotope basis in order to fix the right short range wavefunction phase. The differences between the α coefficients for different isotopes do not exceed 1%. Therefore, the theoretical bound state energies listed in the 'Theory (this work)' of Table I were calculated using slightly different potential curves that shared the same set of the van der Waals C 6 and C 8 coefficients: splittings that can not be compensated using the other long range parameters. We choose to assign uncertainties to the Hund's case (c) parameters because those directly affect the positions of the photoassociation resonances. In the Hund's case (a) representation this results in uncertainties of 50 a.u. and 150 a.u. for C 6 ( 3 Π u ) and C 6 ( 3 Σ + u ) assuming our estimations should be treated as maximum errors. Our fitted resonant dipole term C 3,0 ≈ 0.01524 a.u. which corresponds to a natural linewidth of the atomic 3 P 1 state of 1/τ = 2π × 7501.9 Hz. Our lifetime of 21.215 µs agrees well with both the theoretical determination [44] of 21.4 µs and, not surprisingly, the empirical value of 21.5 µs from the previous photoassociation experiment [3] .
Our C 6 coefficients can be compared to previous works (see Table III ). The first photoassociation-based determination [3] gives C 6 (0 + u ) = 3513 a.u. and C 6 (1 u ) = 3774 a.u., respectively with an estimated error bound of 200 a.u. These values appear to be underestimated when compared to both our work and the recent ab initio determinations. The Hund's case (a) C 6 values originally calculated by Mitroy and Zhang [51] and used in the model in Skomorowski et al. are 4488 a.u. and 3951 a.u. for the respective 3 Σ + u and 3 Π u states, which is about one and a half error bound larger than our empirical determination. We note, however, that no error bound was given for their calculation. A new ab initio calculation by Safronova et al. [52] is also available. The first set of coefficients, C 6 (0 + u ) = 3821 a.u. and C 6 (1 u ) = 4055 a.u. is of pure ab initio origin (labeled 'Ab initio (pure) [52] ' in Table III ) and fits our data perfectly. The second set of coefficients ('Ab initio (recomm.) [52] '), C 6 (0 + u ) = 3771(32) a.u. and C 6 (1 u ) = 4001(33) a.u., includes several empirical corrections [53] and while the difference is larger, the data still agree with ours to within mutual error bars. It should be noted that the currently available Sr photoassociation data is only weakly sensitive to the C 8 values. Therefore, C 8 ( 3 Σ + u ) and C 8 ( 3 Π u ) should only be considered as potential fitting parameters and not used for comparison with other determinations. Not surprisingly, they do not agree with the newest available ab initio calculations [52] .
IV. LINE POSITIONS
The agreement between our two-channel model and the experimentally determined 88 Sr bound state energies is excellent. The theoretical bound state energies match the experimental line positions to within the error bars with the exception of the two states at −8430 MHz (0 + u ) and −8200 MHz (1 u ), where the accuracy is limited to about 2 MHz; see Table I. These two bound states are very strongly mixed by the Coriolis coupling, partially due to the large wavefunction overlap. The two-channel wavefunctions for these two energy levels are shown in Fig. 2 . Our theoretical model predicts mixing angles, as defined in Section V, of about θ ∼ 23
• , which is in good agreement with the recent empirical determination based on Zeeman shifts of photoassociation lines [4] . Compared to the other energy levels, quantitative description of these two states is very difficult, because the Coriolis splitting between them is strongly dependent on the relative phases of their respective wavefunctions which in turn are determined by the relatively unknown short range parts of their supporting potential curves. We note that our use of realistic ab initio potentials improved the agreement dramatically: the previous model [3] was off by several tens of MHz, while ours reduces that down to less than 2 MHz. For completeness we also show the theoretical counterparts of the two J = 3 energy levels reported recently in [4] .
The same long range model (except for the adjustment of C 8 terms) applied to the case of 86 Sr yields a slightly worse fit, with inaccuracies reaching up to 0.5 MHz, which can be attributed to the still imperfect description of Coriolis mixing (in the case of the top bound state) or to the impact of short range curve crossings on the vibrational splittings as discussed in detail in Section VI C.
The case of 84 Sr atoms has been experimentally investigated recently by Stellmer et al. [5] . In this analysis we, however, leave out the 1 u state at −351 MHz state reported in [5] , but not in the energy level table in a subsequent review paper [54, 55] 1 g ), much like those observed in ytterbium [9] . In this case it would be entirely unperturbed by the 0 [9, 56] .
We have verified that the apparent shift of the −1288 MHz state is not caused by a simple rotational state labelling error. In such scenario this energy level could indeed have J = 1, but the remaining three 0 + u states could have J = 3 and therefore lay closer to the dissociation limit. However, if this were the case the theoretical bound state energies would be −159 MHz and −1.5 MHz for J = 3 with the most weakly bound state disappearing altogether.
We have tested a possibility that the −1288 MHz state belongs to the 1 u symmetry, which is plausible as so far no 1 u resonances were found in 84 Sr. However, if we fit the α( Finally, the 0 + u vibrational spacings could be influenced by the strong short-range spin-orbit mixing with other electronic states. For example, the original Mies et al. model [47] contains non-diagonal spin-orbit terms between 1 u curves correlating to the 1 S 0 + 3 P 1 and 1 S 0 + 3 P 2 asymptotes. Such strong mixing could create very wide resonances spanning several bound states near the 1 S 0 + 3 P 1 dissociation limit. Such a case could occur in all PA spectroscopy experiments involving divalent atoms like ytterbium or calcium, but to the best of our knowledge, no empirical evidence has so far been found. The impact of this mixing can be somewhat diminished by the fact that potential curves of different j-states of the same 3 P asymptote are largely parallel and do not cross. In strontium, however, the situation is further complicated by an additional 1 S 0 + 1 D 2 0 + u curve crossing the 0 + u state probed in photoassociation experiment. We will explore its consequences in Section VI.
V. CORIOLIS MIXING AND ZEEMAN SPLITTINGS
The Coriolis terms in the rotational Hamiltonian cause nonadiabatic mixing between the 0 molecular wavefunction. This effect can be quantified by introducing a mixing angle θ defined by writing the total molecular wavefunction as:
Here we define the two reference functionsΨ(0 + u ; R) and Ψ(1 u ; R), which are the two wavefunction components normalized separately via:
The signum function above ensures that our phase convention is compatible with the one in Ref. [4] . It is straightforward to verify that with these definitions Eq. 7 yields a correctly normalized two-channel wavefunction. Finally, we note that the transformation θ → θ + 180
• only changes the sign of the total wavefunction without altering its internal phase relationship. We therefore decide on having 0 • ≤ θ < 180
• , again in accordance with [4] . In this convention, a pure 0
• , while θ = 90
• for a pure 1 u state. Table I lists our Coriolis mixing angles θ for each of the considered energy levels. For completeness we also include mixing angles from Ref. [4] which are in good agreement with ours. For two of the most deeply bound states in 88 Sr at −8200 MHz and −8430 MHz, McGuyer et al. give two different mixing angles as their theoretical model was not accurate enough to ascertain which of these two energy levels belong to the 0 + u and 1 u series. In our model, however, the −8200 MHz line clearly belongs to the 1 u series, while the −8430 MHz has 0 + u symmetry, confirming the original assignment of Zelevinsky et al. [3] .
Coriolis mixing is a significant factor in the bound state energies close to the 1 S 0 + 3 P 1 limit in strontium. Not surprisingly, the energy shift by this mixing is dependent on the mixing angle θ. This is especially important for the very long range top bound states: for example, without Coriolis mixing the theoretical energy for the −0.435 MHz level in 88 Sr is −0.160 MHz. An even more extreme case is the top bound state in 84 Sr where the theoretical binding energy would be −37 kHz as opposed to the experimental value of −0.32 MHz. Moreover, Coriolis mixing is especially strong when two energy levels of 0 
are highly sensitive both to the mixing angle θ and the overlap P 01 of the componentsΨ(0 + u ; R) andΨ(1 u ; R):
The atomic g-factor g at = 1.5 for the 3 P 1 electronic state. A comparison of experimental and theoretical Zeeman gfactors from Ref. [4] with our values calculated with Eq. 10 is given in Table I . For relatively pure 0 + u and 1 u energy levels our g-factor agree very well with the theoretical values in [4] . In the case, however, of the top bound state at −0.4 MHz our theoretical value is slightly closer to the one obtained in experiment. The most striking improvement is seen in the case of the two strongly Coriolis-mixed bound states at −8200 MHz and −8430 MHz. As noted previously, these two energy levels are notoriously difficult to describe theoretically and the model in [4] fails to reproduce their experimental g-factors.
Our model reduces the discrepancy between theory and experiment by a factor of three and while our model still does not fit to within experimental accuracy, it at least gives qualitative agreement. Since our mixing angles θ are in very good agreement, we attribute this improvement to the better description of the wavefunction overlap P 01 , which was a necessary condition to correctly reproduce the impact of Coriolis mixing on the positions of these two energy levels. This further corroborates the validity of our long range van der Waals C 6 , C 8 and resonant dipole C 3 coefficients. For completeness we also provided our Zeeman g-factors for the remaining PA lines, but no experimental data is currently available to compare.
VI. MASS SCALING PERTURBED
A. Single channel mass scaling A mass scaled model is an interaction model that is capable of reproducing the energy levels for all isotopomers of a given molecule by only changing the reduced mass. By its nature photoassociation spectroscopy is relatively insensitive to the details of the short range atomic interaction as it is predominantly used to measure the energies of bound states very close to the dissociation limit. This can be understood using the following simple reasoning. The energy splittings between the vibrational states (on the order of 1 GHz) are very small compared to the depth of the potential curve (tens of THz). Consequently, bound states close to the dissociation limit share the same short range wavefunction (to within an amplitude constant) and only differ in the long range, where even such small energy differences will influence the location of the outer classical turning point and the long range wavefunction. Therefore, to a certain approximation, the vibrational splittings would be determined by the long range potential parameters, like C 6 and C 3 in our case. On the other hand, the starting point of the vibrational state ladder would be determined by the vibrational wavefunction's phase φ, as required by the Bohr-Sommerfeld quantization condition. Such a philosophy is the basis for the famous analytic expression for the s-wave scattering length of an R −n potential [57] , as well as the semiclassical Leroy-Bernstein formulas [58] .
As a consequence of the above reasoning, obtaining mass scaling in a single channel model would only require a potential curve with the correct long range part and the right behavior of the total phase φ as a function of the reduced mass. Such an approach has been discussed in detail in [59] . In the case of a single potential curve the total phase can be well approximated using the WKB integral:
where R in is the location of the inner classical turning point and V is the interaction potential curve. It is evident that in this approach the total phase φ is proportional to √ µ as long as the potential V is mass-independent. In this paper we will assume that the potential V is the same for all isotopes. Following the Bohr-Sommerfeld quantization condition the quantity n = φ/π is closely related to the number of bound states supported by the interaction potential. On the other hand, the positions of the vibrational states only depend on the fractional part ∆n = n − n . Slowly increasing n, by e.g. adjusting the depth of the potential curve, causes the bound state energies to shift deeper into the potential well. At some point this will cause a new bound state at the dissociation limit to emerge. Increasing n by 1 (or, equivalently, the total phase φ by π) would amount to adding exactly one vibrational state to the potential, with the weakly bound states having similar vibrational energies as previously. If we assume that the interaction potential V is mass-independent, then the quantity n is proportional to √ µ. In this picture, mass scaling would amount to finding a potential curve which offers correct values of ∆n for each isotope. This can be achieved by simply fixing the correct number of bound states supported by the interaction potential. Such a strategy has been successfully implemented in a number of PA investigations [7, 59, 60] . In our case the long range interactions near the 1 S 0 + 3 P 1 asymptote are described by two Hund's case (c) potentials, 0 + u and 1 u coupled by Coriolis mixing. We note, however, that this mixing is relatively weak and only provides a small correction to most bound state energies. In fact, foregoing the Coriolis mixing altogether does not change the number of bound states supported by the two potentials together. Therefore, mass scaling of both series can to some extent be treated separately. We will first consider the mass scaling of energy levels of 0 + u symmetry, for which most of the experimental data was collected. The final step will be the addition of the 1 u states to the model. Figure 3 shows the 0 + u bound state energies as a function of the reduced mass. By changing the α( 3 Π u ) potential parameter we have found an appropriate 0 + u potential depth (and consequently φ) that correctly translated the wavefunction phase between the isotopes 86 Sr and 88 Sr. The results are shown in Fig. 3 as dashed lines. We have found that while our model fits the experimental bound state energies for 86 Sr and 88 Sr to within 1 MHz (with the exception of the strongly Coriolis mixed −8430 MHz state), it is in shocking disagreement with the experimental data for 84 Sr. This clear failure of mass scaling be easily explained a posteriori using the simple picture described earlier. The fractional part ∆n of the total WKB phase φ/π of the 0 + u state (computed by applying Eq. 12 to V( 3 Π u ; R)) for the best-fit models from Section III is ∆n = 0.3928, 0.6003 and 0.3245 for 88 Sr, 86 Sr, and 84 Sr, respectively. In the case of a single potential curve, n scales linearly with √ µ. The model shown in Fig. 3 shows bound state energies calculated using a potential that has n = 69.3928 and mass scales, correctly, to n = 68.6003 for 86 Sr, which fits the observed line positions. Note that this model supports one bound state fewer for the latter isotope. For the 84 Sr isotope, however, mass scaling gives n = 67.7988, but this fails to predict the observed line positions.
Similar mass scaling can be obtained for other numbers of bound states, but in all cases only for two isotopes at a time. For example, in the physically reasonable range of 50 Sr pair a potential curve with 111 bound states would support mass scaling. Clearly none of these numbers overlap. In fact, within this simple approximation no single potential curve supporting less than 300 vibrational states could support mass scaling between all three isotopes. For comparison, an unmodified 3 Π u curve from [44] , as used in our model in Section III, supports a total of 72 bound states for J = 1 in 88 Sr.
B. The avoided crossing
It has recently been established, both experimentally [18] and theoretically [44] , that the 3 Π u potential which supports the Hund's case (c) 0 + u potential correlating to the 1 S 0 + 3 P 1 asymptote has a strong short range avoided crossing with a The strong spin-orbit coupling between these two potential curves causes anomalies in the massscaling behavior of the photoassociation spectra near strontium intercombination line. In fact, a model that only includes the potential curve directly supporting the 0 + u bound states close to the 1 S 0 + 3 P 1 dissociation limit is incapable of properly describing mass scaling between the three bosonic isotopes in strontium. Fig. 4 , has several intriguing characteristics: its depth is defined almost solely by the depth of the 1 Σ + u potential and it enables nuclear motion at shorter distances than the 3 Π u curve alone. Skomorowski et al. [44] have analyzed the composition of bound states in the 0 + u state. The deepest bound states in the potential well are comprised primarily of the 1 Σ + u state, as expected given their energies are below the minimum of the 3 Π u curve. As we move up the bound state ladder, the bound states become seemingly erratic mixtures of the 1 Σ + u and 3 Π u states. Finally, the bound states closest to the dissociation limit (and so far investigated by photoassociation spectroscopy) are nearly pure 3 Π u states, which explains why our long range model alone was enough to quantitatively describe most of the observed vibrational spacings.
To test the influence of the 1 Σ + u state on the 3 Π u bound states and mass scaling we use a two channel model that includes both potentials:
where, similar to Section III, V(
. This model obviously lacks the 1 u curve, and consequently, it does not include Coriolis mixing, limiting its accuracy to about 1 MHz for bound states with small Coriolis mixing angles. The diagonal rotational terms are B(R)(J(J + 1) + 2) and B(R)J(J + 1), respectively. The potential V( 3 Π u ; R) has the same parameters as the one from Section III except for α( 3 Π u ), which we use to adjust the quantum defect. The V(A 1 Σ + u ; R) potential and spin-orbit coupling function ξ 1 (R) is the same as in [44] . Again, we model the influence of the 1 S 0 + 1 P 1 1 Σ + u curve by manually adding the resonant dipole −C 3,0 R −3 term. The two additional fitted parameters are σ ≈ 0.42, which enabled the scaling of the spin-orbit mixing between the two potential curves, and ∆E ≈ 6250 cm −1 which controls the splitting between the 3 P 1 and 1 D 2 atomic states. We use the latter parameter to fix the position of the perturbing short range 1 Σ + u bound state with respect to the 1 S 0 + 3 P 1 asymptote while retaining the original shape of the 1 Σ + u potential. As was the case previously (Section III), the theoretical energy levels are obtained by solving the coupled channel Schrödinger equation for the above potential matrix.
The solid lines in Figure 3 show the theoretical bound state energies calculated using the above two-channel model fitted to the experimental 0 + u data for all isotopes using only three parameters: α( 3 Π u ), which as previously we used to adjust the short range wavefunction phase, the mixing parameter σ that scales the ab initio [44] spin-orbit coupling function and the relative positions of the two potential curves ∆E. The long range parameters, C 6 ( 3 Π u ) and C 3,0 are shared with the previously discussed long range model from Section III. Apart from the 84 Sr −1288 MHz state discussed in detail in Section IV, and the strongly Coriolis mixed −8430 MHz state in 88 Sr, the energy levels are reproduced to within 1 MHz. We note that the fitting itself was a very difficult process due to the seemingly erratic behavior of the model. This is caused by the mixing between the two diabatic potential curves 3 Π u and 1 Σ + u being strongly dependent on the relative phases of the two components Ψ( 3 Π u ) and Ψ( 1 Σ + u ) of the coupled channel wavefunction. This is shown in the bottom part of Fig. 4 u bound state crosses the 1 S 0 + 3 P 1 dissociation limit, there is a sudden resonant departure as seen near 2µ ≈ 84 u and 2µ ≈ 90 u. Since the spin-orbit mixing is relatively strong, the width of this resonant structure is large and encompasses all bound states close to the dissociation limit together, resulting in an apparent change in the quantum defect. This explains why the vibrational spacings alone can be described by a single channel model even when the mixing is large. A comparison of the experimental 0 + u energy levels with ones calculated from our mass scaled model is shown in Table IV . The accuracy of the model is about 1 MHz for the majority of the experimental data and is mostly limited by the lack of Coriolis mixing.
C. Impact on vibrational spacings
The available photoassociation data for J = 1 states in 88 Table V for isotopes  84 Sr and  88 Sr. For both isotopes we have adjusted the wavefunction phases so that the energies of the ν = −3 bound state energies match. This way we ensure a fair comparison of vibrational splittings. In our model the perturbing short range 1 Σ + u bound state crosses the 1 S 0 + 3 P 1 dissociation limit when the reduced mass 2µ ≈ 84 u. Consequently, there are significant differences in the bound state energies for ν = −5 and deeper states. On the other hand, in the case of 88 Sr, the differences between the models are about an order of magnitude smaller. This shows that it will be possible to experimentally determine which of the isotopes has its 1 S 0 + 3 P 1 asymptote perturbed. In our model 84 Sr is the perturbed isotope, but given our limited knowledge of the strontium PA spectra, 86 Sr could be the perturbed isotope as well. The subtle discrepancies between the 86 Sr experimental data and our theoretical model from Section III might hint toward this hypothesis. This uncertainty can be resolved experimentally by simply measuring the bound state energies deeper in the potential well. One of the isotopes should clearly have its vibrational spacings incompatible with an interaction model that only includes the channels belonging to the 1 S 0 + 3 P 1 asymptote.
D. Mass scaling of 1 u energy levels and the three channel model
The last step in the construction of our mass scaled model is the introduction of the 1 u molecular state. The interaction potential matrix, as expressed in the 0
Hund's case (c) basis is now
Similarly, the rotational Hamiltonian
now contains the Coriolis mixing terms like the long range interaction model from Section III. The kinetic Hamiltonian T is again diagonal and the energy levels are calculated by solving the set of coupled Schrödinger equations HΨ = EΨ for H = T + V int + V rot and the three channel wavefunction Ψ. At this point reaching a mass scaled model for both 0 + u and 1 u energy levels is relatively straightforward. Since the Coriolis mixing is a small correction to the 0 + u energies we can hope that the mass scaling model utilizing the 3 Π u -1 Σ + u curve crossing will stand except for cosmetic corrections to its parameters.
Experimental 1 u energy level data is, to date, only available for the 88 Sr and 86 Sr isotopes. We can therefore apply the single channel mass scaling strategy as described in Section VI A, that is, fix the right number of bound states supported by the 1 u state. To this end, we have modified the short range α( 3 Σ + u ) parameter, which only affects the 1 u quantum defect. Finally, we have run a least-squares optimization for both quantum defect α parameters and the curve crossing parameters ∆E and σ in order to obtain the final fit. All of the long range parameters (C 3,0 , as well as C 6 and C 8 for both potential curves) remain the same.
A comparison of experimental energy levels for all strontium isotopes with those predicted by our final three channel model is shown in 
VII. CONCLUSION
In conclusion we have measured the energies of four vibrational bound states of the 86 Sr molecule in an excited triplet state using photoassociation spectroscopy of ultracold strontium atoms. The obtained data complements previously reported photoassociation data for the remaining two bosonic isotopes of strontium:
84 Sr and 88 Sr. We have provided an ab initio based theoretical model that correctly describes Coriolis mixing between 0 + u and 1 u states. Only one of the previously reported energy levels, in 84 Sr, is in qualitative disagreement with our theory and we have suggested that it may either be supported by a different potential curve, or be strongly perturbed. We have used our theoretical model to provide Zeeman g-factors for all of the considered photoassociation lines.
We have also shown, however, that a theoretical model that only takes into account the two potential curves correlating to the 1 S 0 + 3 P 1 asymptote will fail to correctly describe the positions of energy levels for all isotopes via simple mass scaling, even despite being correct for one isotope at a time. We attribute that to the short range avoided crossing between the 1 S 0 + 3 P 1 3 Π u curve and a higher excited state 1 Finally, we suggest that this theory can be tested by measuring more deeply bound vibrational states. For at least one isotope the vibrational spacings should significantly depart from those predicted by the long range model alone. The results shown here will be important in the research concerning optical Feshbach resonances near the intercombination line in Sr. The four resonances reported in the paper can now be used to control the interactions between 86 Sr atoms in a similar manner as it was done in 88 Sr [28, 29] . The mixing between states could also influence the possible use of Sr as a means for measuring changes in the m p /m e ratio [15, 61] . The findings here also provide a template for the description of mass scaling perturbed by short range avoided crossings in other similar systems: a similar crossing between 3 Π u and 1 Σ + u potentials has already been found in the calcium system [62] . 86 Sr PA lines extracted from the experiment. Bound state energies are given for the ν = −1, −2, −3 levels of 0 + u symmetry and the ν = −1 level of 1 u symmetry, where ν counts levels down from the dissociation limit. These levels all have angular momentum J = 1. We also report the optical lengths l opt for each of the measured 0 + u PA lines. The term η upper describes the additional molecular loss factor [25, 28] and γ upper laser is the upper limit on the PA laser line width. PA beams, and E rec = (h/λ) 2 /(4m) is the photon recoil energy of an isolated atom. The parameter η ≥ 1 accounts for the extra molecular losses observed in OFR experiments [25, 28] , and η γ mol = ηγ mol + γ laser with the line width of the PA laser γ laser . We can only determine E b , η = η+γ laser /γ mol , and η opt , and cannot independently determine η, opt , and γ laser . Truncation of the integral over collision kinetic energy has been neglected.
An example of the fitting result is shown in fig. 5 (b) . The line center shifts linearly with the PA laser intensity, and we obtain spectra under a range of conditions and extrapolate to zero intensity to obtain the unshifted resonance position ν 0 (Table VII) . Fitting determines ν 0 with a precision of 5 kHz.
There is additional systematic error in determining the laser detuning with respect to atomic resonance of 5 kHz, and we quote a total uncertainty of 10 kHz (Table VII) . The ν = −1, 1 u binding energy is quoted with increased uncertainty because the data showed significant temperature variation, complicating the analysis. Further details of the experiment and the fitting procedure can be found in [63] .
By linearly fitting the values of opt at different I, we extract opt /I. The upper limit of η (η upper ) and the lower limit of opt can be determined by fixing γ laser = 0, while the upper limit of γ laser (γ upper laser ,) and the upper limit of opt can be determined by fixing η = 1. Values of these parameters from the fitting are summarized in Table VII. 
